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WEAR METAL ANALYSIS IN ENGINE OIL BY MICROWAVE DIGESTION AND
ATOMIC ABSORPTION SPECTROSCOPY

1. INTRODUCTION

Wear metal analysis in used engine oil gives a good indication on
the degree of engine wear over time. An increase in metals, such as iron,
copper, nickel, lead, and aluminum, can indicate wear in specific engine com-
ponents (i.e., rings, pistons, bearings, etc.). A variety of methods, such
as solvent extraction and acid digestion, have been used to quantitatively
extract these metals from oil. A more recent technique (closed vessel micro-
wave digestion) , which can extract wear metal particles quickly and effi-
ciently, has become available.

Solvent extraction techniques are frequently used to analyze for
metals in oil by extracting the oil into an organic solvent (i.e., xylene,
kerosene, methyl isobutyl ketone), followed by atomic absorption (AA) analysis.
This is a quick technique; however, it suffers the disadvantage of only look-
ing at soluble metals or small wear metal particles (<1 micron) in diameter.
Metallic particles larger than 1 micron, if present, are not extracted;
therefore, results are not quantitative.1

A particle size independent determination of wear metals in engine
oils must involve an acid digestion step prior to solvent extraction and
analysis. Previous work by Brown et al. 1 and Kauffman et al. 2 investigated
various mixes of acids and extraction solvents to determine total metals in oil.
They found that oil mixed with HF/aqua regia, heated, and extracted into
MIBK/isopropanol gave excellent total metal recoveries. However, these
methods required the preparation of organometallic standards, which again
must be acidified, heated, and solvent extracted to quantitate the oil
samples. The diluted standards were only stable fcr 1 day.

Another particle size independent method, without solvent extrac-
tion, would involve acid matrix destruction of the oil by open vessel, hot
plate digestion. Organic material is oxidized to CO2 , H 0, and NOx (equations
I and 2),3, 4 and particles are chemically oxidized to soluble salts. This
technique permits total metal content in oil to be determined, using aqueous
solutions as standards. The disadvantage of this method is that it requires
a great deal of sample manipulation and time to complete.

[(CnHn+2) + HNO 3 = CO2 + NO + H20] (1)
[(CH2)n + 2HNO = CO2 + 2NO + 2H2 0] (2)

A more recent matrix destruction technique (closed vessel microwave
digestion) has become commercially available. Microwaves are used to inter-
nally heat sample/acid mixtures that are contained inside a closed Teflon
reaction vessel. Unlike open vessel digestion, the acid-reaction times occur
much faster because polar molecules, such as mineral acids and water, will
absorb microwave energy so strongly that they will rapidly increase in temper-
ature. In addition, the closed reaction vessels allow a higher boiling point
of the digestion acid to be obtained. 3 For instance, nitric acid has a boil-
ing point of 120 °C at atmospheric pressure; however, in a sealed vessel system
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(@100 psig) that temperature increases to 190 oC. 3 This technique also
allows nitric acid to be used more frequently for acid digestions and reduces

or eliminates the requirement for using acid mixtures or strong oxidants
(i.e., perchloric acid) for complete matrix destruction.

This study describes the basic microwave parameters and digestion
techniques to analyze f.r wear metals in oil. It determines the percent
recovery of the microwave digestion technique for National Bureau of Standards
(NBS), Washington, DC, wear metals (Al, Fe, Cu, Ni, Pb) in oil.

2. MATERIALS AND METHODS

2.1 Apparatus.

Digestions were conducted in a microwave digestion system (Model
MDS-81, CEM Corporation, Matthews, NC), equipped with turntable, exhaust system,
and digestion vessels PFA, 120 mL, with pressure relief valve assembly.
Metal analysis was conducted on a flame atomic absorption spectrophotometer
(AAS) (Model 3030, Perkin Elmer, Norwalk, CT).

2.2 Reagents and Standards.

The specific NBS Standard Reference Materials (SRM) were Base Oil
(SRM 1083), Wear-Metals in Oil 100ppm (SRM 1084), and Wear-Metals in Oil 300
ppm (SRM 1085). Trace-metal-grade-nitric acid (J. T. Baker Chemical Company,
Phillipsburg, NJ) was used for the acid digestions, as well as sample/standard
pH adjustment. Stock 1000-ppm metal standards (Aldrich Ciemical Company,
Milwaukee, WI) were used to prepare aqueous standards for AA analysis.
Potassium chloride (Aldrich Chemical Company) was used as an ionization sup-
pressant for aluminum analysis.

2.3 Dissolution Procedure.

The NBS SRM oil samples were prepared by weighing a O.5-g quantity
of each well-agitated sample into a tared Teflon digestion vessel. When
adding the oil to the digestion vessel, it was important to ensure that oil was
not deposited on the vessel walls. This prevented charring of samples, which
could cause incomplete digestion and low element recoveries.3 The samples

were then mixed with 12 mL of nitric acid and allowed to stand (predigest)
overnight. Organic samples, such as oil, produce large amounts of reaction
gases (NO2, C02) during the initial microwave digestion steps. A predigestion

step helps to eliminate the excessive formation of these gases, which can
subsequently cause uncontrolled outgassing of the samples during microwave
heating.

3

After predigestion, the digestion vessels were torqued closed (12

ft/lb) and microwave heated. To achieve uniform heating, the samples were
run on a turntable at a rate of 3600 per 20 sec with 100% exhaust.

The microwave heating program, established by the manufacturer (CEM
Corporation), was used as a reference starting point for the sample digestion
(Table 1). This program consisted of alternatively heating and cooling the
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digestion vessels until the oil samples were completely digested. Accumulated
gases were manually vented from the digestion vessels after each heating/
cooling step. Slight modifications of this program were made because uncon-
trolled venting of gases occurred in some samples during the early stages of
microwave heating, and a complete matrix destruction was not evident in all

samples at the final heating/cooling step. The modified program (Table 2)
used lower power and time settings in the heating program and slightly in-
creased the cooling time before manually venting the samples. Also, an extra
heating/cooling step was added to the program.

Table 1. Microwave Heating Program (12 Vessels) CEM Corporation Procedure,
Application Note OP-5.

Program 1 Program 2
(Heating) (Cooling)

Time Powcr Time Power
Step (min) (%) (min) (%) Venting

1 6 100 2 0 Manually
2 2 100 3 0 Manually
3 6 100 3 0 Manually
4 7 100 4 0 Manually
5 8 100 4 0 Manually
6 10 100 Cool to room temp. Manually

Table 2. Microwave Heating Program (12 Vessels) Modified Procedure.

Program 1 Program 2
(Heating) (Cooling)

Time Power Time Power
Step (min) (%) (min) (%) Venting

1 5.0 95 3.0 0 Manually

2 3.0 100 4.0 0 Manually
3 5.0 100 4.0 0 Manually
4 7.0 100 4.5 0 Manually
5 7.5 100 5.0 0 Manually
6 10.0 90 5.0 0 Manually
7 10.0 85 Cool to room temp. Manually

The percentage of microwave power used was dictated in part by the
number of digestion vessels being microwaved. The referenced procedure by

CEM Corporation was established for the maximum of 12 digestion vessels.
Generally, 5% less microwave power was used for every two vessels less than
the maximum. In other words, if 12 vessels required 100% power, then 6
vessels would require 80-85% power to achieve the same heating. The micro-
wave heating program established for six digestion vessels is shown in
Table 3.
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End points of complete sample digestion were indicated by a clear
yellow solution. However, upon dilution with water a white precipitate
formed in some samples. The Teflon digestion vessels were rinsed with deion-
ized water, and the samples were quantitatively transferred to volumetric
flasks. Chemical adjustments for refractory metal analysis were made by
adding sufficient ionization suppressant (potassium chloride) to the samples
to equal 1000-ppm potassium per final volume. Samples were then diluted up
to volume (usually 50 mL) and allowed to sit overnight so that undigested
sample particulates could settle to the bottom of the flask to prevent the
interference of particulates on AA analysis.

2.4 Atomic Absorption Analysis.

Digested NBS samples were analyzed for wear metals by flame AAS.
Aluminum was analyzed by using a nitrous-oxide flame; iron, nickel, copper,
and lead were analyzed by using a lean air-acetylene flame. Aqueous standards,
adjusted for acid and potassium concentrations, were used to quantify the
samples. Percent recovery of the method was determined by comparing the
analytical concentration of the SRM samples versus their known concentration
listed by the NBS.

3. RESULTS

Results of the microwave digestion technique for NBS wear metals in
oil are found in Table 4 (100 ppm) and Table 5 (300 ppm). Metal levels were
below detection limits for the base oil using flame analysis. The analytical
sensitivity and minimum d tectable concentration levels for metals in base
oil are shown in Table 6. Recovery of the wear metals in oil (100 ppm)
ranged from 84 to 110%. Recovery of the wear metals in oil (300 ppm) ranged
from 98 to 103%.

4. DISCUSSION

The closed vessel microwave digestion technique is a quick method
to analyze for a variety of metals in oil. Twelve samples can be completely
digested in approximately 60-80 min. This is much shorter than previous
matrix destruction techniques, such as open vessel hot plate or bomb digestion.

Observation of the samples during the initial stages of microwave
heating are important to prevent uncontrolled outgassing. Because the Teflon
digestion bombs are translucent, the formation of NOx fumes can be observed.
If the fumes form quickly and are dense, then the microwave power is quickly
stopped. The presence of brown fumes within 2-3 min from the start of the
microwave program indicates that the reaction between acid and sample is pro-
ceeding well.1 If little or no reaction is observed, then power and time are
increased by 5% until the sample shows signs of digesting.3  Newer microwave
models have an optical pressure monitor, which can greatly aid the analyst in
preventing uncontrolled sample venting.
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Table 3. Microwave Heating Program (6 Vessels) Modified Procedure.

Program 1 Program 2
(Heating) (Coolin

Time Power Time ower
Step (min) (%) (min) (%) Venting

1 6 80 4 0 Manually
2 2 85 3 0 Manually
3 4 85 4 0 Manually
4 6 85 4 0 Manually
5 7 80 4 0 Manually
6 8 80 5 0 Manually
7 10 80 6 0 Manually
8 12 75 Cool to room temp. Manually

Table 4. Recovery of Wear Metals in Oil from SRM 1084 (100 ppm)
by Microwave Digestion and AA Analysis.

SRM 1084 (100 ppm)
Amount Recovered Certified Percent

(ug/g) Value Relative Percent
Element Mean + SD n* (hg/g) Error Recovery

Al 101 + 3.5 3 98 0 103

Fe 110 + 2.0 3 100 10 110

Ni 101 + 4.0 4 101 0 100

Cu 102 + 3.0 4 98 2 102

Pb 84 + 9.0 4 (101)** -17 84

*Number of separate digestions and analysis.
**Values in parentheses are noncertified concentrations.
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Table 5. REcovery of Wear Metals in Oil from SRM 1085 (300 ppm)

by Microwave Digestion and AA Analysis.

SRM IU85 (3UU ppm)

Amount Recovered Certified Percent
(Ug/g) Value Relative Percent

Element Mean + SD n* (Ng/g) Error Recovery

Al 296 + 14 4 296 0 100

Fe 312 + 6 4 300 4 103

Ni 296 + 3 3 303 -2 98

Cu 301 + 3 3 295 2 102

Pb 310 + 6 3 (305)A *  2 102

*Number of separate digestions and analysis.
**Values in parentheses are noncertified concentrations.

Table 6. Analytical Sensitivit and Minimum Concentration Level (MCL)
of SRMI 1083 (Base Oili by Microwave Digestion and Flame AA
Analysis.

SRM 1083 (Base Oil)

Element Analytical Minimum Certified
(Values in pg/9) Sensitivity* Concentration** Value

Al 0.35 <32 <0.5

Fe 0.07 < 7 1.0

Ni 0.07 4 <0.4

Cu 0.05 < 4 <0.5

Pb 0.3 <29 <0.04

*AA Sensitivity at 2 X Scale Expansion.
**MCL obtained by the following equation:

Sensitivity (Ug/g) x 50 mL dilution

= CL (Element)
wt of oil (g)
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The two microwave heating programs run in this study were longer
than the one referenced in the CEM Corporation manual (Table 1). These pro-
cedures were not optimized to give the shortest digestion time but were run
longer to ensure a complete dissociation of metals from the oil. The manufac-
turer's total digestion time (heating and cooling) was 60 min compared to 80
min during this study.

A comparison of the percent relative error and percent recovery
between the 100-ppm and 300-ppm SRM shows a more consistent recovery and
improved accuracy for the 300-ppm SRM (Tables 4 and 5). Because the metals
were analyzed using flame AA, some metals (e.g., lead) were at their lower
sensitivity level at the 100-ppm level. Improved recovery for the 100-ppm
SRM may have occurred using a furnace technique; however, furnace is much
slower than flame analysis.

The presence of undigested particles did not affect the percent
recovery of metals in oil except perhaps in the lower recovery of Pb in the
100-ppm wear-metal samples. The oil was not completely digested because
organic materials do not totally decompose to CO2 and H20 by nitric acid.5

Although not performed in this study, the drop-wise addition of 30% hydrogen
peroxide to the samples may have completed the reaction.3

Extraction of metals in oil can often be done quicker using a
solvent extraction technique (typically xylene or kerosene) as opposed to
matrix destruction. However, the solvent extraction technique suffers the
disadvantage of requiring the use of organometallic standards, as well as the
fact that it is not a particle size independent technique. The closed vessel
microwave digestion technique can be performed using aqueous standards, and
this technique is particle size independent. Thus, the preferred extraction
technique will depend upon the nature of the sample (particle size), as well
as the availability of materials (solvents, speciality standards).

5. CONCLUSIONS

Closed vessel microwave acid digestion is a relatively quick
matrix destruction technique for the determination of wear metals in oil.
Typically, 12 samples can be completely digested in approximately 60-80
min. Atomic absorption analysis for Al, Fe, Ni, Cu, and Pb from the
National Bureau of Standards Standard Reference Materials showed recoveries
using this technique. Recoveries ranged from 98 to 103% for the 300-ppm
wear metals in oil. The 100-ppm wear metals in oil had three metals with
recoveries ranging from 99 to 103% and two metals with outlier recoveries
84% (Pb) and 110% (Fe).
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